R e s u l t s from NBS experiments t o r e a l i z e t h e ohm and t h e w a t t , t o determine t h e proton gyromagnetic r a t i o and t h e time dependence of t h e NBS ohm using t h e quantum Hall e f f e c t , and t o maintain t h e NBS v o l t using t h e J o s e p h s o n e f f e c t , a r e a p p r o p r i a t e l y combined t o o b t a i n a highly a c c u r a t e value of t h e f i n e -s t r u c t u r e constant and of t h e quantized Hall r e s i s t a n c e i n SI u n i t s , and a c c u r a t e values i n S I u n i t s of t h e Josephson f r e q u e n c y t o voltage q u o t i e n t , Planck c o n s t a n t , and elementary charge.
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I n t r o d u c t i o n
To compare c r i t i c a l l y t h e p r e d i c t i o n s of quantum electrodynamic (QED) theory with experiment r e q u i r e s i n s e v e r a l i m p o r t a n t cases a h i g h l y a c c u r a t e , QEDi n d e p e n d e n t value of t h e f i n e -s t r u c t u r e constant a.
The b e s t known example i s t h e c o m p a r i s o n of t h e e x p e r i m e n t a l l y d e t e r m i n e d v a l u e of t h e e l e c t r o n magnetic moment anomaly ae with t h e QED p r e d i c t e d value c11.
Under t h e a s s u m p t i o n t h a t t h e q u a n t i z e d Hall r e s i s t a n c e RH a s measured using a quantum H a l l e f f e c t (QHE) device is equal t o h/e2 ( h i s t h e Planck c o n s t a n t and e is t h e elementary c h a r g e ) , t h e r e are a t p r e s e n t two v i r t u a l l y independent ways of o b t a i n i n g a r e l i a b l e value of a from high p r e c i s i o n experiments i n t h e f i e l d of e l e c t r i c a l metrology [2] .
The f i r s t i s t o use t h e QHE and a d i r e c t r e a l i z a t i o n of t h e ohm by means of a c a l c u l a b l e c a p a c i t o r t o determine RH = h/e2 i n S I u n i t s , i . e . , ohms:
where uo I 4rr x 10-7 N/A2 is t h e permeability of vacuum and c z 299 792 458 m / s is t h e speed of l i g h t i n vacuum.
The second involves determining t h e gyromagnetic r a t i o of t h e proton by t h e low f i e l d method, Yp(low) ( t h e prime i n d i c a t e s a s p h e r i c a l , pure H2O proton NMR sample a t 25 " C ) , and a number of o t h e r constants:
where R, is t h e i n f i n i t e mass Rydberg constant ( c u r r e n t f r a c t i o n a l u n c e r t a i n t y of 4 . 0 x IO-1 133) and ~A/!.IB i s t h e p r o t o n m a g n e t i c moment i n u n i t s of t h e Bohr magneton ( c u r r e n t f r a c t i o n a l u n c e r t a i n t y of 1 . 1 x 10-8 C41). RH = h/e2 is a s above and EJ = 2e/h is t h e Josephson frequency t o voltage q u o t i e n t . Although E q s .
( 1 ) and ( 2 ) both involve RH, they do so i n very d i f f e r e n t ways. Equation ( 1 ) r e q u i r e s RH i n S I u n i t s , whereas Eq. ( 2 ) has t h e important property t h a t i t i s independent of t h e e l e c t r i c a l u n i t s used, *Contribution of t h e National Bureau of Standards, not s u b j e c t t o copyright i n t h e United S t a t e s .
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t h a t i s , i t holds i f ?';(low), RH, and EJ a r e measured i n SI u n i t s o r i n terms of t h e emf of an a r b i t r a r y b a t t e r y and t h e r e s i s t a n c e of an a r b i t r a r y r e s i s t o r . Because of t h i s property, method two does not r e q u i r e t h e d i r e c t r e a l i z a t i o n of an S I e l e c t r i c a l u n i t , i n marked c o n t r a s t t o method one. Since t h e two methods involve r a d i c a l l y d i f f e r e n t experiments but can y i e l d a values of comparable u n c e r t a i n t y , each can s e r v e a s a c r i t i c a l check on t h e o t h e r .
Equation ( 1 ) i s a l s o noteworthy.
Since uo and c are exact q u a n t i t i e s , i t implies t h a t i f a i s known with a c e r t a i n f r a c t i o n a l u n c e r t a i n t y , RH w i l l be known i n S I u n i t s ( i . e . , ohms) with t h e same f r a c t i o n a l u n c e r t a i n t y . ThSs i s s i g n i f i c a n t because t h e Cornit; C o n s u l t a t i f d ' E l e c t r i c i t 6 ( C C E ) o f t h e Comite' I n t e r n a t i o n a l des Poids e t Mesures ( C I P M ) has decided t o recommend t h a t s t a r t i n g 1 s t J a n u a r y 1 9 9 0 , r e p r e s e n t a t i o n s of t h e ohm be based on t h e QHE using an a
d o p t e d value of RH i n c l o s e agreement with t h e S I value C51. This value i s t o be s e l e c t e d by t h e CCE a t a planned September 1988 meeting and i s t o be used by a l l those l a b o r a t o r i e s which choose t o base t h e i r ohm r e p r e s e n t a t i o n on t h e QHE 151.
S i m i l a r l y , t h e CCE has decided t o recommend t h a t s t a r t i n g 1st January 1990, a l l those l a b o r a t o r i e s t h a t base t h e i r r e p r e s e n t a t i o n of t h e v o l t on t h e Josephson e f f e c t use a new value of t h e Josephson frequency t o voltage q u o t i e n t EJ = 2e/h i n c l o s e agreement with t h e SI value [SI. This v a l u e , which is t o r e p l a c e t h e one s u g g e s t e d by t h e CCE i n 1972 and u s e d by most c o u n t r i e s , w i l l a l s o be s e l e c t e d by t h e CCE a t i t s planned September 1988 meeting 151.
NBS Measurements
W e have been c a r r y i n g out a number of experiments a t NBS, which w e w i l l d e s c r i b e i n d i v i d u a l l y i n o t h e r papers a t t h e Conference, t h a t a r e now y i e l d i n g r e s u l t s and bear on t h e i s s u e of a r e l i a b l e value of a, and of RH and EJ i n S I u n i t s .
( a ) Maintenance of t h e NBS r e p r e s e n t a t i o n of t h e v o l t VNBS using a Josephson one-volt a r r a y [61;
( b ) Determination of t h e NBS r e p r e s e n t a t i o n of t h e ohm QNBS (which i s based on t h e mean r e s i s t a n c e of f i v e Thomas-type wire-wound r e s i s t o r s ) i n ohms using a c a l c u l a b l e c a p a c i t o r C71;
( e ) Determination of t h e time dependence of t h e NBS r e p r e s e n t a t i o n o f t h e ohm QNBS i n terms of t h e quantized Hall r e s i s t a n c e RH [81; ( d ) Determination of t h e NBS e l e c t r i c a l r e p r e s e n t a t i o n of t h e w a t t WNBS = V,&,S/QNBS
i n watts by equating e l e c t r i c a l and mechanical power using a moving c o i lf o r c e balance 191; and
These a r e : ( e ) D e t e r m i n a t i o n o f Y h ( l o w ) i n t e r m s of t h e NBSrepresentation of t h e ampere ANBS = VNBS/PNBS using a s p e c i a l l y c o n s t r u c t e d 2.1 m-long s i n g l e l a y e r p r e c i s i o n s o l e n o i d [ I 01.
Two remarks about t h e s e measurements a r e i n o r d e r . F i r s t , because experiments ( b ) , ( e ) , and ( e ) involve PNBS, when we apply Eqs. ( 1 ) and ( 2 ) t o t h e r e s u l t i n g d a t a we o b t a i n values of ci which are not c o m p l e t e l y i n d e p e n d e n t , However, t h e c o r r e l a t i o n between t h e two values is small s i n c e t h e u n c e r t a i n t y i n measuring RH i n terms of PNBS i s small compared w i t h t h e u n c e r t a i n t y i n determining PNBS i n ohms and Y;(low) i n terms of ANBS = VNBS/ONBS. S e c o n d , t o minimize t h e c o n t r i b u t i o n of a smaintained e l e c t r i c a l u n i t u n c e r t a i n t i e s t o t h e f i n a l u n c e r t a i n t i e s of experiments ( b ) , ( d ) , and ( e ) , we devote a g r e a t d e a l of e f f o r t t o t h e problem of u n i t t r a n s f e r and monitoring.
Our goal is t o ensure t h a t BNBS and t h e r e f e r e n c e r e s i s t o r s used i n t h e Yb(low) and WNBS experiments a r e well known i n terms of RH and t h a t t h e Zener voltage standards used i n t h e s e two experiments a r e well known i n terms of EJ.
Because of
t h e n e e d f o r c l o s e t i e s between t h e s e a r t i f a c t s t a n d a r d s and t h e i n v a r i a n t r e s i s t a n c e and voltage u n i t s p r o v i d e d by t h e quantum H a l l and Josephson e f f e c t s , and because t h e apparatus for t h e l a t t e r is l o c a t e d i n a b u i l d i n g 1.5
km away from t h a t i n which t h e Y;(low) and WNBS apparatus is l o c a t e d , t h i s a s p e c t of t h e experiments i s not a t a l l t r i v i a l . I t r e q u i r e s t h e coordination of a number of d i f f e r e n t measurement systems and t h e c o l l a b o r a t i o n and cooperation of many i n d i v i d u a l s .

We a r e f o r t u n a t e a t NBS t o have a l l of t h e s e e f f o r t s i n one g r o u p and b e l i e v e t h a t t h e c o m p l e x i t y and d i v e r s i t y of t h e s e f i v e c r i t i c a l
experiments precludes them from being undertaken a t a s i n g l e i n s t i t u t i o n o t h e r than a n a t i o n a l s t a n d a r d s l a b o r a t o r y . We w i l l give a d e t a i l e d d i s c u s s i o n of our u n i t t r a n s f e r and monitoring e f f o r t s i n t h i s paper.
Nevertheless, t h e p r i n c i p a l purpose of t h i s paper i s t o combine i n an optimum way t h e r e s u l t s of t h e s e f i v e i n t e r r e l a t e d experiments, a s a v a i l a b l e a t t h e time of t h e Conference, i n o r d e r t o o b t a i n a s i n g l e NBS e l e c t r i c a l measurement-based value for a , and f o r RH, 2e/h, h , and e i n S I u n i t s .
(That a can be used t o d e t e r m i n e E J from t h e NBS determination of WNBS i s shown i n t h e Appendix.) W e a l s o compare t h e s e values t o o t h e r s t h a t a r e a v a i l a b l e .
Appendix
Consider a l a b o r a t o r y whose v o l t r e p r e s e n t a t i o n VLAB and ohm r e p r e s e n t a t i o n OLAB is based on (or a t any g i v e n time is known i n terms o f ) t h e Josephson and quantum H a l l e f f e c t s , r e s p e c t i v e l y . where VJ-LAB i s t h e mathematical convenience; t h e former divided by Hz i s t h e numerical value of EJ expressed i n HZ/VLAB; t h e l a t t e r is t h e numerical value of RH expressed i n PLAB.)
The Josephson frequency t o voltage q u o t i e n t EJ i s then r e l a t e d t o t h e e l e c t r i c a l r e p r e s e n t a t i o n of t h e watt WLAB = VEAB/QLAB by where use has been made of Eq. ( 1 ) . I t follows from Eq. ( 3 ) t h a t s i n c e u0 and c are e x a c t , VJ-LAB and rK-LAB a r e adopted (or measured) v a l u e s , and equating e l e c t r i c a l and m e c h a n i c a l power determines WLAB i n w a t t s , a value of ci allows a value of EJ = 2e/h i n SI u n i t s 
